Smooth muscle contraction is initiated primarily by an increase in intracellular Ca2+, Ca(2+)-dependent activation of myosin light chain kinase, and phosphorylation of myosin light chain. In this investigation, we identified pregnancy-associated alterations in myosin light chain phosphorylation, force of contraction, and content of contractile proteins in human myometrium. Steady-state levels of myosin light chain phosphorylation and contractile stress were correlated positively in both tissues, but the myometrial strips from pregnant women developed more stress at any given level of myosin light chain phosphorylation. During spontaneous contractions and during conditions that favor maximal generation of stress, the rate and extent of myosin light chain phosphorylation were attenuated in myometrial strips from pregnant women. The content of myosin and actin per milligram of protein and per tissue cross-sectional area was similar between myometrium of nonpregnant and pregnant women. Although cell size was significantly increased in tissues obtained from pregnant women, the amounts of contractile proteins per cellular crosssectional area were similar. In addition, myosin light chain kinase and phosphatase activities were similar in the two tissues. The content of caldesmon was significantly increased in myometrium of pregnant women, whereas that of calponin (a smooth musclespecific protein associated with the thin filaments) was not different. We conclude that adaptations of human myometrium during pregnancy include (a) 
Introduction
Successful human pregnancy, i.e., a pregnancy ending at term after the spontaneous onset of parturition, encompasses three physiologically and biochemically separable phases of myomeThis work was presented in part at the 38th Annual Meeting of the Society for Gynecologic Investigation, San Antonio, TX, 20-23 March 1991. trial function. The first of these, termed uterine phase 0 of parturition ( 1 ) , is a state of remarkable uterine quiescence and contractile unresponsiveness, which is maintained for 38 postovulatory weeks. This tranquil state of the uterus persists despite the presence of a "foreign body" distending the endometrial cavity, which leads by virtue of the very rapid growth processes associated with human pregnancy and fetal development, to unparalleled volume expansion of the uterus. In nonpregnant women the uterus readily and spontaneously contracts in response to many perturbations, e.g., the introduction of an intrauterine device into the endometrial cavity, the presence of leiomyomata that impinge into the endometrial cavity, or distentive manipulations ofthe organ. Yet during pregnancy and the extreme perturbation of the uterus that attends gestation, the myometrium normally remains quiescent. Phase I of parturition commences with the suspension of phase 0 and retreat from the maintenance of uterine quiescence ( 1) . During this time there are identifiable morphological and biochemical changes in the uterus; these markers of phase 1 of parturition include cervical ripening/softening and an increase in the number of oxytocin receptors and gap junctions (2, 3) . These changes are believed to be requisite for the development of forceful, coordinated contractions of active labor, i.e., phase 2 of parturition. After delivery of the conceptus, the period of uterine involution and parturient recovery from childbirth begins, i.e., phase 3 of parturition.
Contraction and relaxation of myometrium (and other smooth muscles) are regulated by phosphorylation and dephosphorylation of the 20-kD light chain of myosin (4) (5) (6) (7) (8) (9) (10) This study was conducted as part of an investigation to identify differences in contractile properties (mechanical and biochemical) of myometrium from pregnant and nonpregnant women. In the rat, the stress-generating capacity of the myometrium increases threefold during pregnancy ( 11) . The increased stress-generating capacity required ofthe myometrium during active labor may be effected by thickening ofthe uterine wall, increased cell density, increased stress-generating capacity of individual smooth muscle cells, or a combination of these factors. We sought to determine if there are pregnancy-associated increases in the stress-generating capacity of human myometrial smooth muscle cells. Also during pregnancy, hypertrophy of human uterine smooth muscle cells is accompanied by increased synthesis of contractile proteins ( 12) , and increases in the myometrial content ofcalmodulin and myosin light chain kinase have been described during pregnancy in the rabbit ( 13) . Previously, we and others have demonstrated that the contraction/relaxation cycle of myometrial spontaneous contractions is preceded by phosphorylation/dephosphorylation of myosin light chain (14) (15) (16) . In this investigation we have identified alterations in myosin light chain phosphorylation, force ofcontraction, and content ofcontractile proteins in human myometrium during pregnancy. We determined the extent of myosin light chain phosphorylation as a function of time during stimulation of maximal contractile force, and we compared the steady-state relationship between light chain phosphorylation and stress in myometrial tissues from nonpregnant and pregnant women.
Methods

Source ofmyometrial tissues
Normal human myometrial tissue was removed from the uterus of nonpregnant women after hysterectomy for benign gynecologic conditions. 
Quantification ofcontractile proteins
Myosin light chain kinase activity. The specific activity ofmyosin light chain kinase was determined in uterine smooth muscle homogenates as described previously with minor modification ( 19) . Briefly, frozen tissues were homogenized in ice-cold buffer (100X, wt/vol) that contained 100 mM sodium pyrophosphate, 5 mM Tris-HCl, 100 mM NaF, 50 mM NaCl, 5 mM EDTA, 0.1%, wt/vol NP-40, and 0.1 mM phenylmethylsulfonyl fluoride, pH 8.0. Thereafter, homogenates were diluted in a reaction mixture ( 1:5,000 final tissue dilution) that contained 50 mM MOPS, 10 mM magnesium acetate, 1 mM dithiothreitol, 0.4,uM calmodulin, 26MM cardiac myosin light chain, and 100,uM EGTA-buffered Ca2". The Immunoblot analysis of MLCK and calponin. Proteins in tissue extracts were separated by electrophoresis on SDS-polyacrylamide gels (7% for MLCK and caldesmon; 12% for calponin). Proteins were transferred to nitrocellulose at 90 mA for 14-16 h in the presence of methanol (20%) and SDS (0.1% ). Blots were treated with TBST ( 10 mM Tris, 150 mM NaCl, 0.05% Tween-20) that contained gelatin (2%, wt/vol) for 1 h and then incubated for 4 h with TBST-gelatin that contained a polyclonal antibody against bovine tracheal MLCK preabsorbed with chicken gizzard caldesmon ( 1:10,000, vol/vol) or a polyclonal antibody against chicken gizzard calponin ( 1:5,000). Thereafter the blots were washed three times with TBST (5 min each) and incubated with goat anti-rabbit IgG conjugated with horseradish peroxidase ( 1:20,000). After extensive washing with TBST, the blots were developed with a chemiluminescent detection system (ECL Western blotting detection system; Amersham Corp., Arlington Heights, IL). In some cases, the concentration ofprimary antibody was 1:1,000 and the secondary antibody was goat anti-rabbit IgG conjugated with alkaline phosphatase ( 1:1,000 for 2 h). After three rinses with TBST, phospha- Immunoblot analysis ofcalmodulin. Proteins in tissue extracts were separated by electrophoresis on urea-glycerol polyacrylamide (10%) gels exactly as described for determination of myosin light chain phosphorylation ( 17) . After transfer to nitrocellulose, the blot was incubated for 3-4 h with a monoclonal antibody (10 ,ug/ml) Fig. 1 A) . Myosin light chain phosphorylation increased from 4 to 50% in 5 s after maximal stimulation and then decreased to 41% by 30 s (Fig. 1 B) . Although similar levels of stress developed, the rate and extent of light chain phosphorylation were significantly diminished in the strips from pregnant women (Fig. 1 B) (Fig. 2) . The stress/light chain phosphorylation ratio was 2.2-fold greater in myometrium from pregnant women (i.e., the difference between the slopes of the two regression lines). There was no difference in the stress-phosphorylation relationship between tissues obtained before or after the onset of active labor (Fig.  2) . Responsiveness to oxytocin and KCl was similar in myometrium obtained from the lower uterine segment and in that obtained from the uterine fundus. Moreover, the steady-state myosin light chain phosphorylation-stress relationship was similar in tissues from the two sites (data not shown). These data demonstrate that the stress generation capacity relative to myosin light chain phosphorylation is significantly increased with pregnancy. The reasons for this adaptation were explored further.
Histologic analysis. We sought to determine if the increased myosin light chain phosphorylation-stress relationship in myometrial tissue during pregnancy resulted from an increase in the fraction ofcross-section occupied by smooth muscle cells. To do so, we analyzed cross-sections ofsmooth muscle strips from nonpregnant and pregnant women and computed the fraction of cross-sectional area occupied by bundles of smooth muscle cells (Table I ). The fraction ofmyometrial cells that were oriented perpendicular to the strip axis was 85-90% in both tissue preparations. Whereas the fraction oftotal tissue cross-sectional area occupied by smooth muscle cells was similar in the two tissues, the number of nuclei per cross-sectional area was decreased four-to fivefold in the myometrium ofpregnant women. Thus, although cellular size was increased in myometrial tissues obtained from pregnant women, cellular content per tissue cellular cross-sectional area was similar.
Tissue content ofactin and myosin. Myosin and actin contents (expressed as micrograms per milligram of total protein) was quantified after SDS-PAGE (3-20% acrylamide gradient, Table II ). The amount ofmuscle extract (20-40 ,tg) greatest abundance. The amounts of immunoreactive caldesmon h in uterine smooth muscle ofpregnant women expressed per milligram tissue protein were increased fourfold as compared with those ofnonpregnant women (Fig. 3) . This increase in immunoreactivity in myometrium of pregnant women represents a 20-fold increase in caldesmon content per microgram DNA. The accuracy of the quantification of the amount of caldesmon by comparing immunoreactivity of human caldesmon with standard amounts of caldesmon from avian gizzard smooth muscle is not known (because the polyclonal antibody was raised to chicken gizzard caldesmon); however, with the exception of the rat, the cloned mammalian caldesmons are very similar (77-85% identity) to the chicken gizzard isoforms. We can conclude that the relative amounts ofimmunoreactive caldesmon in human myometrium are increased four-to fivefold during pregnancy.
The content of calponin, another actin-binding (thin filament) protein that is specific for smooth muscle, was not increased in myometrium from pregnant women. By immunoblot analysis with a polyclonal antibody against chicken gizzard calponin, we identified two immunoreactive proteins (23 and 40 kD) in homogenates of all samples of myometrium (from pregnant and nonpregnant women; Fig. 3 B) . The structural/functional differences between these immunoreactive protein forms are not known. Inclusion of protease inhibitors in the homogenates did not alter the immunoblot pattern, and preabsorption of the anti-calponin antibody with purified calponin markedly reduced the immunoreactivity ofboth molecular weight species. A single immunoreactive band was found in tissue homogenates from chicken gizzard. Thus it is possible that human myometrium contains two distinct isoforms ofcalponin that are similar to those in bovine platelets (22) . We found no differences in the content ofcalponin ofeither size in homogenates ofuterine smooth muscle from nonpregnant and pregnant women (Fig. 3 D) .
Tissue contents ofMLCK, myosin light chain phosphatase, and calmodulin. The second striking pregnancy-induced alteration in myometrium is the diminished biochemical response to stimulation as reflected by very low levels of myosin light chain phosphorylation during contraction. Therefore, the possibility that this physiological change could be due to specific alterations in the levels of expression of regulatory proteins (MLCK, myosin light chain phosphatase, and calmodulin) was investigated. The total specific activity of MLCK in whole homogenates of uterine smooth muscle tissues from myome-A trium of nonpregnant women was not different from that of myometrium of pregnant women (Fig. 4 A) . Furthermore, MLCK activity was Ca2+/calmodulin dependent. As in the case of actin and myosin, the activity of MLCK per microgram of DNA was increased in uterine tissue from pregnant women (Fig. 4 B) . Thus, although the amount of MLCK per myocyte is increased during pregnancy, the specific activity of MLCK expressed per milligram of protein is not different between the two tissues. By immunoblot analysis, the amount ofimmunoreactive MLCK (per milligram protein) was also similar in the two tissues (Fig. 4) . The apparent estimate of molecular mass by SDS-PAGE from human myometrium (and other human smooth muscle tissues such as uterine artery and fetal aorta; data not shown) is less than that reported for rabbit or bovine MLCKs ( 137 compared with 157 kD for bovine MLCK; Fig.  4 ). This finding is consistent with the observation that MLCKs from different species exhibit different mobility patterns on SDS gels (23) and is probably related to differences in the amino acid composition ofthe NH2-terminal tail portion ofthe enzyme.
Phosphatase activity was determined with both 32P-labeled myosin light chain and 32P-labeled intact myosin as substrates. We found that the rate of dephosphorylation of isolated myosin light chain is less in uterine homogenates from pregnant women than that from nonpregnant women (Fig. 5 A) . The A dephosphorylation of light chains in the intact myosin molecule, however, was not different between the two tissues (Fig.  5) . Because myosin light chain is a substrate for protein phosphatases types 1 and 2, we used okadaic acid, a phosphatase inhibitor that is most specific for type 2A protein phosphatase, to characterize further the phosphatase activity in these tissues. In these experiments, a significant amount of light chain dephosphorylation was inhibited by okadaic acid at low concentrations (Fig. 5 B) . The percent of phosphatase activity that is 2A-like in myometrial tissues is greater than that of a tonic smooth muscle, bovine trachealis; but the relative amounts of activity that are sensitive to okadaic acid at low concentration are similar between the two myometrial tissues (Fig. 5 B) . Thus, the decreased myosin light chain phosphorylation in uterine smooth muscle from pregnant women is probably not due to increases in the specific activity of type 1 myosin light chain phosphatase. 
Discussion
Although there have been major advances in our understanding of the regulation and physiological functions of contractile proteins in smooth muscle in recent years (24) , very little information exists on the functional status of these proteins in human myometrium during pregnancy. In the bicornuate uterus of the rat, the force-generating capacity triples during pregnancy ( 11) , and, in the rabbit, the content of MLCK and calmodulin increase 2-and 1.4-fold, respectively ( 13 ) . In this study, we evaluated the relationship between myosin light chain phosphorylation and stress generation in human myometrium during pregnancy. Treatment of myometrial strips with a high concentration of KCl plus endothelin-1 in the presence of high extracellular [Ca2+] resulted in time-dependent increases in myosin light chain phosphorylation in myometrial tissues from nonpregnant and pregnant women. The extent of myosin light chain phosphorylation, however, was much less in the myometrium ofpregnant women. We tested the hypothesis that the force-generating capacity ofmyometrium during pregnancy is increased provided myosin light chain phosphorylation levels can be increased to higher levels. By use ofthe phosphatase inhibitor, calyculin-A, we found that the myometrium of pregnant women has the capacity to generate increased levels of stress for any given level ofmyosin light chain phosphorylation. The stress/myosin light chain phosphorylation ratio was 2.2-fold greater in myometrium from pregnant women near term than in myometrium from nonpregnant women. Taken together, these data suggest that: (a) the myometrium of pregnant women has the capacity to generate greater stress relative to the extent oflight chain phosphorylation, and (b) physiologically, pregnancy-associated changes in the myometrial cell (not yet identified) preclude the development ofhigh levels of myosin light chain phosphorylation. These two changes in myometrial contractile properties during pregnancy are distinct but may be functionally related. We sought to determine ifchanges in the myosin light chain phosphorylation-stress relationship in myometrium of pregnant women were due to alterations in the content of contractile proteins. We found, as have others (25) , that the content of myosin and actin in myometrial tissues from nonpregnant women is not altered during pregnancy. The concentrations of myosin reported herein (determined by densitometric scans from Coomassie-stained SDS-PAGE gels of myometrial homogenates) are similar to those reported by extraction and purification of myosin (1.8±0.14 for nonpregnant women compared with 2.9±0.31 mg/g for pregnant women; 22). Other investigators have reported that the myosin isoform distribution and the myosin ATPase activities are similar between the two tissues (26) . Although the content of actin does not change, the expression ofthe more basic actin isoform in myometrial tissue is enhanced during pregnancy. It has been reported that the apparent affinity of this actin that is extracted from myometrium of pregnant women for myosin subfragment-1 is higher than that ofactin extracted from myometrium of nonpregnant women (27) . The significance ofthis finding is not clear because the actomyosin ATPase V.. from a variety of skeletal and smooth muscle preparations is independent of actin isoforms (28, 29) . Smooth muscle actomyosin ATPase activity is regulated primarily by the level ofmyosin light chain phosphorylation (7, 8, 10, 30) and the presence ofother regulatory thin-filament proteins (31) (32) (33) (34) . It is unlikely that the content of actin and myosin or their isoform distributions contribute to the altered myosin light chain phosphorylation-stress relationship observed in human myometrium during pregnancy.
The protein phosphatase that dephosphorylates myosin light chain in vivo has not been clearly established (35) (36) (37) (38) (39) (40) (49) . The possibility of increased phosphorylation of MLCK and its resulting decreased activation potential in the myometrium of pregnant women is currently under investigation.
The finding of increased amounts of the thin filament protein, caldesmon, but not calponin, in myometrium ofpregnant women is suggestive of specific regulation of this thin-filament protein during pregnancy and the possible importance of this protein in modulation of uterine contractility. Although a role for caldesmon in the regulation of smooth muscle contraction has been suggested (32, 33, (50) (51) (52) (53) , there is considerable uncertainty and controversy regarding its regulatory mechanism and physiologic relevance (54, 55) . Additional experiments will be necessary to determine the significance of the increased caldesmon content in human myometrium during pregnancy.
In this study, the pregnancy-associated enhancement in myometrial cell stress-generating capacity as a function oflight chain phosphorylation was present irrespective ofthe presence or absence of labor. Importantly, in these studies, as well as in those conducted previously ( 17) , we have identified no differences in the frequency, amplitude, or duration of spontaneous contractions in myometrium obtained from women before or after the onset of labor. In both cases, stress development of spontaneous contractions was comparable to that seen in myometrial tissues from nonpregnant women but with significantly lower levels oflight chain phosphorylation (see Fig. 1 This is the first report of adaptations in the myosin light chain phosphorylation-stress relationship in any smooth muscle under different physiologic conditions. During pregnancy, human myometrium is more sensitive to the effects of myosin light chain phosphorylation with no appreciable increases in the content of actin and myosin. Although increases in the content ofcaldesmon may be related to this increased sensitivity to light chain phosphorylation, additional investigations are necessary to test this hypothesis. Increases in stress generation for a given amount of contractile material may be achieved by way of intercellular communication through gap junctions between adjacent myometrial smooth muscle cells (3, 56) . It has been demonstrated, however, that in skinned fibers where all cells are exposed to increased free cytoplasmic Ca2 , fibers from pregnant women develop greater levels of force than those from nonpregnant women (57) . Thus, the spread ofexcitation or coupling of adjacent myocytes does not appear to provide an additional mechanical advantage. Effective coordination of myometrial contraction may be facilitated by gap junctions, the number and size ofwhich increase during phase 1 before the commencement of phase 2 of parturition (3). Other cytostructural alterations in the hypertrophied myocytes of pregnant women may contribute to an increase in stress generation by this tissue (58) , and the increased content in caldesmqn in myometrium of pregnant women may facilitate these adaptations of the myometrial cell during pregnancy.
